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ABSTRACT 
The large-scale anthropogenic emission of carbon dioxide into the atmosphere 
leads to many unintended consequences, from rising sea levels to ocean acidification. 
While a clean energy infrastructure is growing, mid-term strategies that are compatible 
with the current infrastructure should be developed. Carbon capture and storage in fossil-
fuel power plants is one way to avoid our current gigaton-scale emission of carbon 
dioxide into the atmosphere. However, for this to be possible, separation techniques are 
necessary to remove the nitrogen from air before combustion or from the flue gas after 
combustion. Metal-organic frameworks (MOFs) are a relatively new class of porous 
material that show great promise for adsorptive separation processes. Here, potential 
mechanisms of O2/N2 separation and CO2/N2 separation are explored.  
First, a logical categorization of potential adsorptive separation mechanisms in 
MOFs is outlined by comparing existing data with previously studied materials. Size-
selective adsorptive separation is investigated for both gas systems using molecular 
simulations. A correlation between size-selective equilibrium adsorptive separation 
capabilities and pore diameter is established in materials with complex pore distributions. 
A method of generating mobile extra-framework cations which drastically increase 
adsorptive selectivity toward nitrogen over oxygen via electrostatic interactions is 
explored through experiments and simulations. Finally, deposition of redox-active 
ferrocene molecules into systematically generated defects is shown to be an effective 
method of increasing selectivity towards oxygen. 
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CHAPTER 1 
INTRODUCTION 
1.1 Climate Change 
Concerns regarding the accumulation of CO2 in the atmosphere and the 
consequential destabilization of the environment from the greenhouse effect justify an 
investigation into methods of reducing the “carbon footprint” of the human species. The 
options for reducing human CO2 emissions are limited and all come with great 
challenges. Reducing the energy demand of the species is unreasonable due to the 
dramatically improved standard of living afforded through power systems, regardless of 
how the energy is generated. Switching to renewable energy production that does not 
emit greenhouse gases would currently come with an economic cost due to the cheap cost 
of fossil fuels. Capturing and sequestering the CO2 from fossil fuel power plants is a 
relatively new and unexplored topic. This manuscript lends itself to the last option by 
investigating practical separations processes for carbon capture. 
Before outlining my work on potential solutions to the climate change problem, it 
is useful to briefly review the science behind and evidence for climate change. The use of 
fossil fuels became prevalent during the industrial revolution when the first steam engines 
were built using coal as the combustible power source. Since then, fossil fuel use has 
erupted, mostly in the form of coal, gasoline, and natural gas, because it is a cheap energy 
source. One of the inevitable byproducts of combustion reactions is CO2, a greenhouse 
gas that has been demonstrated to be accumulating since the beginning of the industrial 
era. The concentration of CO2 in the atmosphere has been directly measured since 1958 
when the CO2 concentration was around 315 ppm. Currently, the CO2 concentration is 
2 
 
measured to be about 408 ppm. As can be seen in Figure 1.1.1, these values are supported 
by ice core data dating back to 1000 AD in which there are no changes in the CO2 
concentration close to what is observed in the post-industrial revolution data. This is 
undeniable evidence that humans are dramatically impacting the concentration of CO2 in 
the atmosphere, however, it is important to understand why this heats the atmosphere and 
how it destabilizes the energy budget of the planet. 
 
Figure 1.1.1. Historical CO2 mixing ratio data from ice core data (Etheridge, D.M., 
Steele, L.P., Langenfelds, R.L., Francey, R.J., Barnola, 1998) (red line on main figure) 
and from direct CO2 measurements in Mauna Loa, Hawaii (Keeling, R.F., Piper, S.C., 
Bollenbacher, Walker, 2009)  (inset figure and red circle on main figure) 
 Earth and its atmosphere are essentially in radiative equilibrium, meaning that 
all the energy that it takes in via radiation from the sun gets released back into space. 
Some of the radiation gets reflected into space and some gets absorbed by the planet and 
the atmosphere. The radiation that is absorbed eventually gets released back into space 
via infrared radiation based on radiative heat transfer. This is the only mode of heat 
transfer to space since there are virtually no particles in space for the atmosphere to 
transfer heat through convection or conduction. 
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Greenhouse gases such as CO2, CH4, and N2O absorb more infrared radiation than 
air, which has been established since the 1950s. The absorption spectra of several 
atmospheric gases are shown in Figure 1.1.2. CO2 is the largest contributor to global 
warming via the greenhouse effect with respect to the amount of it in the atmosphere. By 
increasing the amount of CO2 in the atmosphere, the rate of heat transfer to space is 
reduced due to infrared radiation being absorbed by the gas, which disrupts the radiative 
equilibrium and heats the atmosphere. 
 
Figure 1.1.2. Absorption spectra for atmospheric gases in the infrared region(Howard & 
Garing, 1962) 
Based on recent analyses from the International Panel of Climate Change (IPCC), 
the mean global temperature has already risen by about 1.0oC since the pre-industrial era. 
It is expected to continue rising to 1.5oC between 2030 and 2052 and further to 3-4oC by 
2100.(Allen, M.R., O.P. Dube, W. Solecki, F. Aragón-Durand, W. Cramer, S. 
Humphreys, M. Kainuma, J. Kala & Y. Mulugetta, R. Perez, M. Wairiu, 2018) This 
increase in global temperature can be easily attributed to increase in sea level and 
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extreme weather events because of the phase shift from the solid/liquid phases to the 
liquid/gas phases to be expected from an increased temperature. Ocean acidification from 
dissolved CO2 is another inevitable result of increasing atmospheric CO2 concentration. 
Endless literature has predicted the consequences of inflicting such a drastic chemical 
change in the atmosphere, which demands changes to the current energy infrastructure. 
The ideal response would be to invest fully in renewable energy production from 
operations such as solar power, wind power, and geothermal power. The current status of 
these technologies, on the other hand, does not make it possible to immediately fulfill the 
growing energy requirements of the species without a high price tag. Instead, an energy 
portfolio is needed to fulfill the requirement and start building an infrastructure for new 
technology. Other options exist in the form hydroelectric power or nuclear power, but 
both of these options have known negative impacts on the environment. Large 
hydroelectric operations are known to have a detrimental impact on the marine 
population of the body of water being exploited. The nuclear option can compete 
financially with fossil fuels, but the Chernobyl disaster (which killed thousands to 
hundreds of thousands of people) and the more recent Fukashima disaster (which resulted 
in no deaths) are a reasonable cause for concern. Nuclear power is not a sustainable 
source of energy due to the limited amount of fissionable isotopes on Earth. Also, there 
are concerns about the proliferation of nuclear weapons, and there is a bad public 
perception toward nuclear power worldwide. While the long-term solution seems to be to 
invest heavily in renewable energy, mid-term solutions must be considered. 
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1.2 Carbon Capture and Storage 
Carbon capture and storage (CCS) is a relatively unexplored territory for 
strategies to combat climate change. My work is concerned with the technical challenge 
of obtaining sequestration-ready concentrations of CO2 after combustion. The storage 
aspect involves several options from pumping below deposits in the ocean, 
electrolytically catalyzing the reaction to form calcium carbonate from calcium oxide, or 
building algae farms which utilize the CO2 for the algae’s photosynthetic growth. 
The main difficulty of carbon capture processes involves the separation of the 
inert N2 from the reaction mixture, either before or after the combustion process. Figure 
1.2.1 shows the general approaches for CO2 capture in fossil fuel combustion processes. 
 
Figure 1.2.1. Approaches to carbon capture: post combustion CO2 capture (top) and oxy-
fuel  combustion process (bottom) 
In post-combustion CO2 capture, air is fed to the combustion reactor, the O2 in the 
gas mixture reacts with the fuel to form CO2 and water, and then the resulting CO2/N2 
mixture is separated into its components via some separation process. In oxy-fuel 
combustion processes, on the other hand, the O2/N2 mixture is separated before the 
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reaction, pure O2 is fed to the reactor, and the CO2-rich flue gas leaving the reactor is 
sequestration-ready. So then, the separation of CO2 from combustion processes 
essentially depends on at what point the inert N2 is separated from the process. Post-
combustion CO2 capture processes utilize a stream of air to provide the O2 necessary for 
the combustion reaction to occur. The advantage of this technique is the low cost of air, 
but there are several disadvantages to using such a low partial pressure of O2. Oxy-fuel 
combustion processes use purified O2 at the inlet of the combustion furnace in order 
exploit the advantages of lower fuel consumption, higher flame temperature, and less 
NOx gas emissions. Post-combustion CO2 capture primarily involves the separation of a 
CO2/N2 gas mixture, whereas oxy-fuel combustion involves the separation of an O2/N2 
gas mixture. 
 
1.3 Conventional Technologies 
One of the most widely embraced technologies for post-combustion CO2 capture 
is the monoethanolamine (MEA) absorption process.  In this process, MEA acts as a 
chemical absorbent such that when the flue gas comes in contact with the solution, it 
reacts with MEA to form a carbamate species.(Sumida et al., 2012) The flue gas is then 
sent to a stripper where the solution is heated, and the CO2 is released at a high 
concentration. The used MEA solution is then reused for the next absorption process. 
Despite the popularity of the MEA absorption process, it requires a large amount of 
energy for regeneration to break the chemical bond and large equipment to avoid 
degradation of the absorption vessel. These significant negative factors justify an 
overview of competitive adsorbent technologies. For air separation in oxy-fuel 
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combustion processes, the most popular approach to gas separation is cryogenic 
distillation, a highly energy-intensive process due to the cooling necessary to condense 
air. 
Alternative approaches to gas separation such as adsorption processes are 
becoming more popular because they can often operate at or near room temperature, thus 
significantly reducing the energy demand of the equipment. Other chemical processes are 
able to separate the gases of interest, but the scope of this work is limited to the potential 
of adsorbents to overcome the limitations of the conventional technologies for gas 
separation. 
 
1.4 Adsorbents 
“Adsorption” can be described as the adhesion (i.e. sticking) of molecules to a 
solid surface. Adsorbents are the solid to which the molecules, called adsorbates, are 
stuck. Chemical separation can be achieved in adsorbents if one molecule selectively 
sticks to it. Adsorbents can be classified based on the interaction that results in selectivity 
toward a particular gas. Chemical adsorbents generally have the highest affinity for 
adsorbates, but this strong interaction requires a large amount of energy for desorption. 
Physical adsorption can be separated into two categories: kinetic separation and 
equilibrium separation. In kinetic separation, larger diffusivity results from the smaller 
diameter molecule allowing it to access adsorption sites more quickly since smaller pores 
block the larger molecule from adsorption sites. Equilibrium separation involves an 
interaction such as electrostatic interactions that result in one molecule having a 
significantly higher affinity toward the material when the adsorbent bed reaches 
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thermodynamic equilibrium. The important parameters of physical adsorption for the 
gases of interest, CO2, N2, and O2, are highlighted in Table 1.4.1. 
Table 1.4.1.  
 Physical adsorption parameters (Shimomura et al., 2010) 
 
Zeolites are a popular adsorbent material that have been investigated for over a 
century. Zeolites are aluminosilicate materials with “extra-framework” cations mobile 
within the pores that result from the charge imbalance from Al3+ cations occupying Si4+ 
cations sites of the otherwise charge neutral silicate material. The extra-framework 
cations are essential to achieving gas selectivity in zeolites in most cases and are easily 
exchangeable for other cation such as Li+. They have been investigated for separation of 
CO2/N2 mixtures and O2/N2 mixtures, usually based on an electrostatic interaction that 
exploits the difference in quadrupole moment. As can be predicted based on the higher 
quadrupole moment and smaller pore diameter of CO2, zeolites usually have selectivity 
toward CO2 compared to N2. High CO2 capacities in zeolites have been reported,(Sumida 
et al., 2012) however, practical applications have been limited. Zeolites for air separation, 
on the other hand, are a mature technology. N2-selective zeolite LiLSX is accepted as the 
best commercial adsorbent in industrial processes because it has been optimized for N2-
selective air separation.(R. T. Yang, 2003)  
Besides this equilibrium mechanism, the oxygen-selective kinetic separation 
mechanism has been exploited for air separation in 5A zeolite for fuel tank blanketing via 
fast pressure swing adsorption cycles.(R. T. Yang, 2003) Carbon molecular sieves have 
Kinetic Diameter (Å) Dipole moment (D) Quadrupole moment (cm
2
) Polarizability (Å
3
)
CO2 3.30 0 1.39E-39 2.65
O2 3.46 0 1.30E-40 1.6
N2 3.64 0 4.70E-40 1.76
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also been widely used for oxygen-selective air separation, where both the equilibrium van 
der Waals interactions and kinetic adsorption contribute to the selectivity towards 
oxygen.(R. T. Yang, 2003) 
Another mechanism of air separation that has recently made a resurgence involves 
chemisorption of oxygen with metal sites. O2 binding metal complexes, most notably 
Co(fluomine) and Co(salen), were investigated throughout the second half of the 20th 
century;(Li, Guang Qing, Govind, 1994; Vaska, 1976) their properties related to stability, 
selectivity, and reversibility are commonly used as a standard for modern chemical 
adsorbents.(Bloch et al., 2011; Southon, Price, Nielsen, Mckenzie, & Kepert, 2011) 
Another approach has been to encapsulate Co(salen) and Co(fluomine) within the pores 
of a zeolite to promote reversible sorption via steric hinderance.(Hutson & Yang, 2000) 
 
1.5 Metal-Organic Frameworks 
Metal−organic frameworks (MOFs) are a popular porous research material being 
studied for various applications, including separation,(J. R. Li, Sculley, & Zhou, 2012) 
gas storage,(Zhou, 2010) catalysis,(Gu, Park, Raiff, Wei, & Zhou, 2014) molecular 
sensing,(Lustig et al., 2017) and drug delivery.(Horcajada et al., 2012) They are made up 
of clusters of metal atoms connected via organic ligands which form a porous structure. 
Due to the tunability of the pore structure and chemical properties, as well as high surface 
area of MOFs, adsorptive separation processes are one of the most exciting potential 
applications of the materials. However, there is still a great amount of research to be done 
to assess their capabilities for CO2/N2 separation and O2/N2 separation. Due to the 
advantages of the oxy-fuel combustion process, as well the absence of a full description 
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of adsorption mechanisms involved in O2/N2 separation in MOFs, much of this work is 
focused on adsorption of O2 and N2.  One of the most promising aspects of MOFs is the 
fact that they are able to exploit several of the previously discussed mechanisms of 
adsorption, which results from their unique hybrid metal-organic structure. The structures 
are extremely versatile with tens of thousands of reported MOFs to date, compared to less 
than 300 zeolites.  
 
1.6 Adsorption Mechanisms in MOFs 
MOFs that contain OMSs after activation interact with gases differently than 
those with coordinatively saturated metal sites. For example, many MOFs with OMSs 
have been shown to have O2 adsorption properties characteristic of chemisorption 
(termed “binding”metal sites): strong adsorbent−adsorbate interactions, high initial 
uptake rate, and large heat of adsorption at low pressure. Some MOFs have been shown 
to have OMSs that are not strong O2-binding sites (termed “nonbinding” metal sites); 
based on the previous data, it seems that these materials selectively adsorb N2 over O2 
under ambient conditions.(Piscopo et al., 2016; Sava Gallis, Parkes, Greathouse, Zhang, 
& Nenoff, 2015; Weston, Mitchell H., Fuller, Patrick, Siu, 2015) With the definitions of 
nonbinding vs binding metal site MOFs being used, it can be assumed that both contain 
OMSs, but only binding metal site MOFs can chemisorb oxygen. It should also be noted 
that these terms, binding and nonbinding metal sites, are only used to differentiate 
between how the metal site interaction with O2 since the interaction with CO2 and N2 are 
relatively consistent. Saturated metal site (SMS) MOFs are the counterpart to OMS 
MOFs in which the metal atoms of a non-defective sample are coordinatively saturated 
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with ligands. SMS MOFs cannot bind with O2 because the adsorbates cannot access the 
metal sites. So far, only two MOFs with SMSs have been studied for air separation under 
the conditions of interest, but each of them selectively adsorbs O2 over N2,(Y. Li & Yang, 
2007; Mu, Schoenecker, & Walton, 2010) a property that eluded most zeolites analyzed 
to date.  
The M2(dobdc) structure (usually with M = Fe), otherwise denoted as MOF-74, 
has been shown to selectively coordinate O2 at the metal sites, but the strong side-on 
binding results in the irreversible formation of a peroxo species at room 
temperature.(Bloch et al., 2011) Cr3(BTC)2, commonly referred to as HKUST-1(Cr), is a 
MOF which chemically binds O2 with a 30% loss in capacity after 15 temperature swing 
cycles at room temperature.(Murray et al., 2010) The use of early transition metals was 
shown to enhance oxygen binding at the OMSs of mesoporous MIL-100, where the use 
of Fe ions led to the formation of superoxo-type bonds and Sc led to stronger peroxo 
bonds.(Sava Gallis et al., 2016) The O2/N2 selectivity of MIL-100(Sc) was low compared 
to other reported chemisorptive MOFs, but the adsorption was fully reversible over 10 
cycles.(Sava Gallis et al., 2016) Recent advances in the selection of the electron-donating 
ligands in Co-MOFs have led to a highly O2-selective MOF that showed reversibility in a 
preliminary cycling experiment up to five temperature swing cycles.(Southon, Price, 
Nielsen, McKenzie, & Kepert, 2011) Thus far, no MOFs or related composites have been 
demonstrated to match the long-term cyclability of previously studied mononuclear 
cobalt complexes at room temperature. 
Even though MOFs with binding metal sites show high oxygen loading capacity, 
uptake rate, and selectivity, the enhanced interactions often result in cyclability barriers 
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that must be overcome for practical applications. Additionally, the ability of MOFs to 
bind O2 in air can make them difficult to implement. The O2-binding activity of an 
activated MIL-100(V) sample can decrease substantially when unprotected from an 
oxygen environment.(J. Yang, Wang, Li, Zhang, & Li, 2015)  
The OMSs of MOFs are not always O2-binding sites.(McIntyre et al., 2018) It has 
been suggested that N2-selective adsorption in some MOFs under ambient conditions is 
caused by the presence of OMSs;(Mu et al., 2010) this is likely similar to the electrostatic 
interactions that cause nitrogen selectivity of many zeolites in air separation processes. 
Sava Gallis et al. expected to observe binding of O2 in HKUST-1 variants but instead 
showed weak adsorption energies for O2 ranging from 10 to 16 kJ/mol and a high value 
of 30 kJ/mol for N2 on the Fe-substituted sample.(Sava Gallis et al., 2015) Similarly, the 
replacement of the Fe ions with Co in the MOF-74 structure led to nonbinding metal sites 
and a N2-selective structure.(Weston, Mitchell H., Fuller, Patrick, Siu, 2015) The N2 
selectivity of the highly stable Zr-based MOF, UiO-66, can be explained by the 
modulated synthesis approach they used resulting in dehydroxylation of the metal 
clusters and missing-ligand defects;(Piscopo et al., 2016) this is an established method of 
generating OMSs in UiO-66.(Vermoortele et al., 2013)  
Very few SMS MOFs have been analyzed for air separation. Zn4O(BTB)2, 
otherwise denoted as MOF-177, was shown to selectively physisorb O2 over N2 at room 
temperature and atmospheric pressure.(Y. Li & Yang, 2007) UMCM-1, another SMS Zn-
MOF, also preferentially physisorbs O2 over N2.(Mu et al., 2010) The reversibility and 
stability that result from the weak interactions in SMS MOFs motivates a detailed 
investigation of these novel sorbents for the large number of O2-selective air separation 
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applications. The physical adsorption between O2 and MOFs with SMSs can generally be 
assumed to be reversible in swing processes at the expense of lower selectivity. In the 
low-pressure regime, dispersion forces are the main reason for O2-selective equilibrium 
adsorption in SMS MOFs. This is the same behavior as adsorption in nonpolar materials 
such as CMS and carbon nanotubes. The similarity of the interactions can be rationalized 
by the fact that adsorbates come in contact with the organic ligands on the surface of 
SMS MOFs. The work of Greathouse et al. is significant in this discussion because it 
shows the enhanced adsorption of O2/N2 from van der Waals interactions in simple CNT 
systems with pore sizes near the diameter of these diatomic species.(Greathouse, Teich-
McGoldrick, & Allendorf, 2015) However, the complex pore size distributions of real 
adsorbent materials and the additional interactions that may come into play in MOFs 
make it difficult to correlate the impact of pore size on adsorption properties of these 
materials. Using molecular simulations, I show that van der Waals interactions are the 
prominent mechanism for selective adsorption in SMS MOFs and connect the idealized 
CNT results to more complex pore size distributions by defining the volume-weighted 
average accessible (VWAA) pore diameter. O2/N2 selectivity and O2 uptake are 
investigated as a function of VWAA pore diameter to show a clear correlation. I also give 
recommendations and set goals for the design of MOFs for air separation applications in 
terms of pore diameter based on these results. 
One motivation of my work was to clarify the dominant interactions that come 
into play when considering equilibrium adsorption in MOFs, especially in the case of O2 
which is not fully understood. I show that there are under-acknowledged physisorptive 
interactions occurring in OMS MOFs even when they are inactive to oxygen 
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chemisorption, and I relate this interaction to similar results from other groups. I hope to 
offer insights into the nonbinding interactions in MOFs, so a large portion of the work is 
focused on molecular simulations in SMS MOFs and nonbinding metal site MOFs. One 
goal is to follow up the work of (Sava Gallis et al., 2015) and clarify that OMSs of MOFs 
are often N2-selective when researchers expect O2-binding structures. Grand Canonical 
Monte Carlo adsorption simulations are compared to experiments to show the accuracy 
for predicting van der Waals interactions in O2/N2 adsorption in MOFs.  
 
1.7 Molecular Simulations 
Grand Canonical Monte Carlo (GCMC) simulations can accurately predict 
equilibrium adsorption in materials by creating an atomic simulation box and holding the 
chemical potential, volume, and temperature constant, while the number of molecules in 
the adsorbed phase fluctuates based on a Boltzmann-type probability distribution. 
Numerous cycles are performed, where each cycle consists of the acceptance or rejection 
of a translation, rotation, deletion, or insertion move by an adsorbate molecule. The 
acceptance criterion is a lower energy state in the new configuration. After a number of 
initialization cycles, the average of the calculated amount of gas adsorbed is computed, 
representing the equilibrium adsorption capacity under the conditions of interest. The 
force fields normally take into account van der Waals and electrostatic interactions. 
Periodic boundary conditions are applied in each direction, which implies the assumption 
of perfect crystallinity. 
Various GCMC simulations have been executed to screen for gas storage and gas 
separation applications, as well as to offer insights into details of the adsorption 
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mechanism.(Düren, Bae, & Snurr, 2009; Jiang, 2014; Keskin, Liu, Rankin, Johnson, & 
Sholl, 2009) Air separation studies have utilized GCMC simulations in some instances, 
yet they are only briefly referenced;(Sava Gallis et al., 2015) this is likely because many 
groups are interested in MOFs with OMSs, and the generic force fields used are unable to 
describe interactions at these sites. The interaction of adsorbates with OMSs has been 
noted to cause inaccuracies in GCMC simulations.(Chen, Grajciar, Nachtigall, & Düren, 
2011; Fischer, Gomes, & Jorge, 2014) The commonly used generic force fields only take 
into account nonbonding interactions. Also, an in situ neutron diffraction study showed 
that generic force fields may not properly describe other short-range physical interactions 
at the OMSs.(Getzschmann et al., 2010) To model the interactions that have been noted 
between O2 and binding metal site MOFs, some groups have modified the force field via 
a trial-and-error or ab initio calculations to produce accurate results.(Moeljadi, Schmid, & 
Hirao, 2016; Zeitler, Van Heest, Sholl, Allendorf, & Greathouse, 2013) The trial-and-
error approach may not accurately represent the adsorption process, whereas ab initio 
calculations are very computationally expensive. 
I show the accuracy of GCMC simulations for predicting van der Waals 
interactions from O2/N2 adsorption in MOFs and use the simulation results to better 
understand the nonbinding interactions that take place between these adsorbates and 
OMS MOFs. The simulations show that there is another interaction which was not 
predicted using a generic force field that comes into play for nonbinding metal site MOFs 
even when the experimentally observed interactions are too weak to be attributed to 
chemisorption. I compare this finding to similar issues when using GCMC simulations to 
predict adsorption in OMS MOFs. I then limit the simulation study to SMS MOFs to 
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investigate O2/N2 selectivity and CO2/N2 selectivity as a function of pore diameter in 
MOFs. 
Another mechanism of achieving gas selectivity is explored via simulations, 
involving the generation of extra-framework cations. The theoretical exchange of Zr4+ 
cations in UiO-66 with lower oxidation state Fe3+ would result in extra-framework Fe3+ to 
balance the charge. Such a structure is explored via GCMC simulations and shown to 
achieve high selectivity for N2 selectivity O2/N2 separation. An experimental post-
synthetic exchange procedure is also developed for the Fe-exchanged UiO-66 structure. 
 
1.8 UiO-66 
Besides the molecular simulation aspect of this work, another goal is to utilize the 
information gained about the mechanisms of adsorption to design selective MOFs for 
O2/N2 separation in UiO-66 via post-synthetic procedures. UiO-66 is a highly coordinated 
ZrMOF that is the product of significant efforts made to enhance the stability of 
MOFs.(Cavka et al., 2008; Chavan et al., 2012; Valenzano et al., 2011) High valence 
state Zr4+ can form a strong coordination bond with the ligand.(Feng et al., 2012; 
Pearson, 1963; Silva, Luz, Llabres i Xamena, Corma, & Garcia, 2010) The Zr4+ cluster is 
a hard Lewis acid that can form a stronger coordination bond with the hard Lewis base 
carboxylates,(Feng et al., 2014) unlike soft Lewis acids like Zn2+ and Cu2+. 
A significant drawback of UiO-66 is the inertness of the framework for adsorption 
applications, which is directly related to its high stability.(Shearer et al., 2016) 
Defectivity in UiO-66 has become a popular research topic because the framework gets 
activated for many adsorption applications. (Wu et al., 2013) reported a systematic study 
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of acetic acid modulated defective UiO-66, in which the surface area dramatically 
increased because of the defects. Due to the increased surface area and different 
compensation groups, the defects can effectively alter the adsorption properties of 
synthesized UiO-66. The CO2 adsorption capacity is strongly influenced by the defects 
and various compensating groups.(Liang et al., 2016; Wu et al., 2013) The hydroxylated 
form of UiO-66 has a higher CO2 heat of adsorption, 28 kJ/mol, compared to the 
dehydroxylated form (22 kJ/mol), which is attributed to the OH-O columbic 
interaction.(Wu et al., 2013)  
The control over defect formation in the UiO-66 framework is extremely 
important for the advancement of the material. My research group made great 
contributions to understanding the framework formation mechanism and relationship 
between reactants to direct the rational synthesis design.(Shan, McIntyre, Armstrong, 
Shen, & Mu, 2018) An important feature of our work was to modify the existing 
mechanism of the defect formation process by taking the deprotonation step into account. 
We propose the existing coordination modulation mechanism can describe the missing-
ligand (ML) defect formation, but the missing-cluster (MC) defect formation mechanism 
is an entirely different phenomenon. The MC defect formation is caused by the 
accumulated protons during synthesis impeding full deprotonation of ligands, as shown in 
Figure 1.8.1. This hypothesis can explain why the defects increase dramatically with 
decreasing pKa values of modulators.  
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Figure 1.8.1. Diagram of partially deprotonated ligands (purple) that promote the missing 
cluster defect.(Shan et al., 2018) 
While ML defects are important to increasing accessibility to metal sites, MC 
defects greatly increase the porosity and surface area of the material. Although much of 
the excitement around defect engineering in UiO-66 has focused on the reactivation of 
the framework based on ML defects for CO2 adsorption, the systematic introduction of 
defects in the highly stable Zr-MOF could have broader applications. To emphasize this, 
a UiO-66−Ferrocene composite was synthesized by immobilizing ferrocene molecules 
within the generated void space from MC defects. Ferrocene was used as a probe 
molecule to demonstrate how the porosity from MC defects leads to drastically increased 
accessibility of framework for doping of large function molecules or precursors. The 
successful incorporation of the redox-active ferrocene molecules was characterized by 
enhanced selectivity of the material toward oxygen.  
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CHAPTER 2 
RESEARCH METHODS 
2.1 Approach 
 To summarize the goals of this research that were briefly discussed in the 
introduction, the work is focused on understanding the mechanisms of O2/N2 and CO2/N2 
adsorptive separation processes and to demonstrate how this knowledge can be used to 
increase the selectivity towards the adsorbate of interest. My general approach to 
exploring each mechanism of O2/N2 separation is shown in Figure 2.1.1. This figure 
highlights the fact that MOFs are able to exploit several different mechanisms of 
adsorption that were highlighted in Section 1.5, unlike any other previously studied 
adsorbent. I explored each of these mechanisms while working on my graduate work. 
 
Figure 2.1.1. Mechanisms for O2/N2 separation in MOFs; (BMS = binding metal site, 
NBMS = Nonbinding metal site) 
SMS MOFs were the focus of the first project (chapter 3). Molecular simulations 
were used to quantitatively showed the relationship between equilibrium adsorption 
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selectivity and pore diameter in materials with complex pore size distributions by 
defining the VWAA pore diameter. In simulations performed in this first study, 
selectivity of O2 over N2 was predicted for all MOFs, even on nonbinding metal site 
MOFs that have been reported experimentally to be N2-selective. This suggests that there 
is a presumably electromagnetic interaction occurring in nonbinding metal site MOFs 
that the simulations are unable to predict. 
Chapter 4 shows the VWAA pore diameter correlation can be extended to other 
size-selective gas separation systems. Simulations show that similar correlations to the 
previous chapter are achieved for CO2/N2 systems, which indicates that the concept is 
generalizable to other equilibrium adsorption processes involving a difference in 
molecular diameter. A much greater increase in selectivity is achieved for the CO2/N2 
system compared to the O2/N2 system due to the larger difference in molecular diameter. 
In chapter 5, the focus is then shifted to cation-exchanging a highly stable MOF, 
UiO-66, with lower oxidation state cations to generate extra-framework cations. Such a 
structure is modeled with Fe3+ cations replacing the Zr4+ sites, where every 3 exchanged 
cations leads to 1 extra-framework cation to balance the charge. Similar to the 
electrostatic mechanism that leads to gas selectivity in zeolites, simulations show that 
these extra-framework cations lead to dramatic selectivity toward N2. Initial experimental 
procedures for this post-synthetic Fe3+ exchange process in UiO-66 is reported for the 
first time. 
Additionally, post-synthetic procedures were developed for UiO-66 to enhance 
the selectivity toward O2 in chapter 6. Post-synthetic vapor deposition of ferrocene 
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molecules is shown to be possible due to the increased porosity of UiO-66 with MC 
defects, thus increasing selectivity toward O2 for air separation. 
2.2 Molecular Simulations 
RASPA molecular software was used to execute Monte Carlo simulations to 
probe the structure and adsorption properties of the frameworks.(Dubbeldam, Calero, 
Ellis, & Snurr, 2016) The Lennard-Jones 6-12 (LJ) force field was used to model the van 
der Waals interaction of the atoms, as shown below.  
𝐸𝑉𝑑𝑊 = 𝜀𝐼𝐽 [−2 (
𝜎𝐼𝐽
𝑟
)
6
− (
𝜎𝐼𝐽
𝑟
)
12
] 
The Lorentz−Berthelot mixing rule was used for these interactions, so the IJ subscript 
represents the arithmetic mean between parameters for a set of atoms. 𝜀𝐼𝐽 [K] is the 
potential well depth, 𝜎𝐼𝐽[Å] is the minimum bond length, and r [Å] is the distance 
between the two atoms. The MOF structures were treated as rigid by fixing their 
crystallographic coordinates. The crystal structures of selected MOFs were obtained from 
previous reported structural studies. The crystallographic coordinates for the IRMOF 
series were obtained from (Eddaoudi, 2002). MOF-177 coordinates were included in the 
RASPA software by(Dubbeldam, Calero, Ellis, & Snurr, 2011). UiO-66 and HKUST-
1(Cu) coordinates were taken from the literature.(Cavka et al., 2008; Chui, 1999) 
Lennard-Jones parameters from the Universal Force Field were applied to the metal 
ions,(Rappè, Casewit, Colwell, Goddard III, & Skiff, 1992) whereas values were taken 
from the DREIDING force field for other frameworks atoms.(Mayo, Olafson, & 
Goddard, 1990) Solvent molecules were excluded in the crystallographic information in 
order to represent the activated samples. CO2, O2, and N2 were modeled as rigid bodies 
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using the three-site model from the TraPPE force field.(Eggimann, Sunnarborg, Stern, 
Bliss, & Siepmann, 2014) A table of the Lennard-Jones parameters used are summarized 
in Table B1. To avoid the double-counting problem, cubic simulation boxes with 
dimensions equal to their respective unit cell were used for all MOFs except UiO-66 and 
IRMOF-9; for these, simulation box dimensions were 41.4 × 41.4 × 41.4 Å3 and 34.3 × 
46.6 × 25.3 Å3, respectively, to ensure that the simulation boxes were twice the cutoff 
distance of 12 Å. Coulombic interactions were modeled by the Ewald summation of point 
charges. Partial charges were obtained via the extended ChargeEQ equilibration 
method(Wilmer, Kim, & Snurr, 2012) and are listed in Table B2. The Ewald precision 
was set to 10−6. Insertion, deletion, translation, and rotation moves were performed with 
equal probability for 105 cycles. Equilibrium was determined to have been reached by 
verifying that the acceptance ratio of swap addition and swap deletion were nearly equal. 
Heats of adsorption were calculated by the GCMC method proposed by Vuong and 
Monson.(Vuong & Monson, 1996) 
Monte Carlo simulations offer a fast method of screening for desirable pore 
structures and adsorption properties with a minimal amount of resources. Gas separation 
studies generally report the adsorption uptake as the excess adsorption, which is defined 
as the amount of gas present beyond the bulk fluid phase under the experimental 
conditions. Excess adsorption is expressed as 
𝜂𝑒𝑥 = 𝜂𝑎𝑏𝑠 − 𝑉
𝑔𝜌𝑔 
where 𝜂𝑎𝑏𝑠 is the absolute amount adsorbed (mol/kg), 𝑉
𝑔 is the pore volume of the 
framework (cm3/kg), and 𝜌𝑔 (mol/cm3) is the bulk density of the gas phase. In order to 
compare simulations and experimental results, pore volumes were determined from a 
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computational technique that was developed to mimic the experimental method using 
helium probe molecules.(Talu & Myers, 2001) Accessible surface areas were determined 
using the methods proposed by Duren et al.(Düren, Millange, Férey, Walton, & Snurr, 
2007) With this technique, the surface area of the input structure is measured using a 
probe molecule rolling over the entire surface of the pore walls. N2 was used as the probe 
molecule for determining the accessible surface area in this study because it has the 
largest diameter of the gases under investigation. Pore size distributions were determined 
using the method proposed by Gelb and Gubbins.(Gelb & Gubbins, 1999) The pore size 
distribution is determined by finding the largest sphere that can be generated without 
overlapping with framework atoms at each point in the void space. The coverable volume 
for a particular sphere radius, denoted as 𝑉𝑝𝑜𝑟𝑒(𝑟), can then be determined and compared 
to incremental pore volume curves from experiments. 
 
2.3 Synthesis and Post-Synthetic Procedures 
 The experimental work performed is focused on post-synthetic procedures for 
UiO-66 to optimize this highly stable MOF for O2/N2 separation applications. In 
particular, general rules for the systematic introduction of defects in the modulated 
synthesis of UiO-66 were developed. I then suggest two promising post-synthetic 
procedures for functionalizing the structure: vapor deposition to incorporate functional 
molecules in the framework and a cation-exchange process to generate extra-framework 
cations within MOFs. 
 In the modulated UiO-66 synthesis, ZrCl4 (1.5 mmol) and H2BDC (1.5 mmol) 
were dissolved in 30 mL of DMF with acetic acid or formic acid added. The 
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modulator:ligand molar ratios used in the synthesis for all samples reported was 100:1. 
The UiO-66-TEA samples were synthesized using the same procedure with the addition 
of triethylamine (TEA) at 0.16 mL (TEA-1) and 1.06 mL (TEA-2).The mixed solution 
was poured in a Teflon lined stainless steel reactor and heated at 100 °C for 24 h. 
The synthesized samples were separated by centrifuge and were washed by DMF 
three times a day for three days. Then, the samples were soaked in acetone for solvent 
exchange. The solvent was changed three times a day for three days. The samples were 
then heated at 120 °C under vacuum for 24 hours.  
All the chemicals were purchased from commercial vendors and used as received 
without any further purification. Zirconium chloride (ZrCl4), iron chloride (FeCl3), 
magnesium chloride (MgCl2), terephthalic acid (H2BDC), formic acid (FA), acetic acid 
(AA), and ferrocene were purchased from Sigma-Aldrich. N,N-Dimethylformamide 
(DMF), acetone was purchased from Fisher Scientific, and triethylamine (TEA) was 
purchased from Alfa Aesar. 
The cation exchange process was performed by immersing 200 mg of a UiO-66 
sample in 1.5 mmol FeCl3 (or MgCl2) solution with 30 mL water. The mixed solution 
was poured in a Teflon lined stainless steel reactor and heated at 80 °C for 72 hour. The 
synthesized samples were separated by centrifuge and were washed by DMF three times 
a day for three days. Then, the samples were soaked in acetone for solvent exchange and 
the solvent was changed three times a day for three days. The samples were then heated 
at 120 °C under vacuum for 24 hours.  
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The ferrocene deposition was carried out in a tube furnace at 350 °C for 4 hours 
using nitrogen as carrying gas. The CVD process was performed with 50 mg UiO-66 and 
50 mg ferrocene. The crucible containing ferrocene was placed at the upstream along N2 
flow direction. The other crucible containing UiO-66 was placed at the downstream. The 
N2 gas carried the evaporated ferrocene in the direction of UiO-66. These ferrocene 
molecules were then adsorbed by UiO-66. 
 
2.4 Characterization 
Nitrogen porosimetry at 77K was performed on a Micrometrics Tristar II 
porosimeter in a liquid nitrogen bath. Pore size distributions were obtained from the 
cryogenic nitrogen isotherms using the DFT method. Scanning electron microscopy 
(SEM) was performed on a Zeiss EVO MA 10 microscope with an applied voltage of 15 
kV on samples after gold sputtering. Chemical composition of the Fe-exchange UiO-66 
sample was obtained using EDX on a cross-section of its SEM image. High-pressure 
sorption experiments were performed on a Quantachrome iSorb HP2 machine. 
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CHAPTER 3 
SIMULATIONS FOR O2-SELECTIVE AIR SEPARATION IN MOFS 
3.1 Introduction 
Simulations were primarily used to explore the potential mechanisms of 
separation via adsorption in MOFs. First, O2 and N2 adsorption simulations were 
executed on SMS MOFs and nonbinding metal site MOFs to demonstrate that even when 
chemisorption does not occur in OMS MOFs, the adsorption mechanism at play is not 
modeled in the simulations.  A brief comparison of experimental and simulation data for 
HKUST- 1(Cu) and UiO-66 is used to show that there are interactions which are not 
being modeled in the simulations. MOF-177 simulations are compared to experimental 
results to show the accuracy of the generic force fields in describing the O2/N2 
equilibrium adsorption in SMS MOFs, which indicates that the dispersion forces are 
accurately modeled.  
 
Figure 3.1.1. Framework structure of IRMOF-1 (left) and MOF-177 (right) from the a-
axis. 
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The simulations were then restricted to SMS MOFs to quantifiably show the 
relationship between selectivity and pore diameter for physisorption. To achieve this, 
simulations were executed on a variety of Zn-MOFs. The isoreticular MOF series was 
chosen to systematically observe how interpenetration and the choice of ligand can be 
used to optimize equilibrium effects of the adsorptive separation of O2/N2 mixtures. 
IRMOF-1 (also called MOF-5) is the prototype for the IRMOF series. Its structure with 
Zn metal clusters connected by 6 BDC linkers which connect 2 clusters per linker results 
in a cubic crystal system as displayed in Figure 1 (left). The IRMOFs contain oxide-
centered tetrahedral Zn4O clusters with octahedral secondary building units (SBUs). Each 
MOF in this series has identical framework topology, making it possible to analyze how 
structure interpenetration and ligand modifications can be used to optimize selectivity. 
Detailed structural information on the IRMOFs explored in this work are provided in 
Table 3.1.1. IRMOF-3, -4, -5, -6, and -7 contain amine, propoxy, and pentoxy, fused 
cyclobutyl, and fused benzene groups attached to the carboxylate ligands, respectively, 
wherein the groups point into the voids of the MOF. IRMOF-9 through -16 contain 
longer ligand lengths to produce expanded pores, where the odd numbered IRMOFs (i.e. 
IRMOF-9, -11, -13, and -15) are interpenetrated analogs of the even numbered IRMOFs. 
Additional simulations were performed on MOF-177 to verify consistency with 
experiments. MOF-177 also contains 6-coordinated Zn4O metal clusters which form 
octahedral SBUs, but each BTB ligand is attached to three metal clusters resulting in a 
trigonal structure, as shown in Figure 3.1.1 (right). The MOFs with SMSs under 
investigation have a similar synthesis routes as described by (Koh, Wong-Foy, & 
28 
 
Matzger, 2008). These MOFs were chosen in order to avoid computational inaccuracies 
caused by the presence of OMSs. 
Table 3.1.1  
IRMOF study framework information
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3.2 Results and Discussion 
3.2.1 Simulation/Experimental Comparison of Isotherms for MOFs with Exposed, 
Nonbinding Metal Sites 
N2-selective samples of HKUST-1(Cu) have been produced by multiple 
groups,(Sava Gallis et al., 2015; Wang et al., 2002) but GCMC simulations using generic 
force fields did not predict the selectivity toward N2, as shown in Figure 3.2.1.1 (left). 
The N2 isotherm was predicted accurately, but the O2 isotherm was highly overestimated, 
leading to the inability of the simulations to predict N2 selectivity. Similarly, O2 
adsorption was highly overestimated in UiO-66, but the N2 adsorption was relatively 
accurate. 
 
Figure 3.2.1.1. Comparison of HKUST-1(Cu) (left) and UiO-66 (right) simulated O2/N2 
isotherms with experimental data and 47.7% scaled O2 simulation isotherms. HKUST-
1(Cu) experimental data are from (Wang et al., 2002) and UiO-66 experimental data are 
from (Piscopo et al., 2016) 
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The HKUST-1 and UiO-66 samples analyzed both have N2/O2 selectivities of 1.7 
based on previous experiments, but GCMC simulations using generic force fields did not 
predict the nitrogen selectivity. Attempts at increasing the selectivity toward nitrogen 
could make MOFs competitive with zeolites used for O2/N2 separation. This is just one 
reason why it is important to understand the mechanism that results in N2-selective 
adsorption in MOFs. As demonstrated, GCMC simulations significantly overpredicted 
the O2 adsorption in HKUST-1(Cu) and UiO-66. In both cases, scaling the O2 isotherm 
by 47.7% results in a very accurate predicted isotherm as compared with experiments. 
Inaccurate prediction of O2 isotherms in MOFs with nonbinding metal sites implies that 
there is a non-dispersion interaction that comes into play in OMS MOFs, even when the 
metal sites do not chemisorb O2. While I cannot give a detailed explanation based on my 
results, it is a relevant topic to this discussion that could lead to future work. As such, I 
now would like to relate it to observations from previous groups. 
This finding is consistent with the work of (Sava Gallis et al., 2015), who 
experimentally observed higher heats of adsorption for N2 compared to O2 in mixed 
metal variants of HKUST-1. Their experimental heat of adsorption data for N2 on 
HKUST-1(Cu) matches perfectly with our value of 14.7 kJ/mol from simulations, 
whereas their value for O2 of 10.7 kJ/mol is only a fraction of the simulation value of 
15.0 kJ/mol. These interesting phenomena which are not predicted by GCMC simulations 
may be related to the short-range physical interactions previously observed between 
methane and HKUST-1(Cu) in the neutron diffraction study from (Getzschmann et al., 
2010); importantly, they suggest this is caused by the Lewis acidity of the OMS 
polarizing the otherwise nonpolar CH4 molecule. To be clear, these interactions are 
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similar because they are not predicted by GCMC simulations, they are too weak to be 
caused by chemisorption, they are exclusive to OMS MOFs, and current data are 
consistent with an electromagnetic mechanism. 
 
3.2.2 Model Verification and Simplification 
Simulations were executed on a variety of SMS Zn-MOFs to establish a 
correlation between selectivity from dispersion interactions and pore diameter. These 
MOFs include IRMOF-1, IRMOF-3, IRMOF-4, IRMOF-5, IRMOF-6, IRMOF-7, 
IRMOF-9, IRMOF-10, IRMOF-11, IRMOF-12, IRMOF-13, IRMOF-14, IRMOF-15, 
IRMOF-16, and MOF-177. The first phase of simulations was performed to determine 
the surface area, pore volumes, and pore size distribution of large number frameworks to 
ensure that the conclusions drawn from this study are generalizable. At the low pressures 
of interest, the adsorption is expected to be impacted mainly by pore size because surface 
saturation and pore filling effects do not come into play. The calculated accessible 
surface areas and distinct pores are displayed and compared to reported values in Table 
3.2.2.1. As shown in Table 3.2.2.1, the selected structures have surface areas ranging 
from less than 1000 to over 6000 m2/g, pore volumes from 0.375 to 2.24 cm3/g, and 
distinct pores from 3.50 to 24.2 Å. IRMOF structures have been studied extensively, and 
the calculated pore features are in good agreement with literature.(Düren et al., 2007; 
Eddaoudi, 2002) 
 
 
 
 
 
 
32 
 
Table 3.2.2.1. 
Predicted pore features of IRMOFs compared to (Düren et al., 2007) 
 
 
3.2.3 Force Field Verification 
Simulations were performed on MOF-177 to verify that the simulation results 
match with experiments. First, experimentally determined pore features are compared 
against the simulated data in Table 3.2.3.1 to verify the structural model for MOF-177. In 
the low-pressure regime, adsorption is expected to be impacted primarily by the pore 
size. Because the pore sizes match perfectly, the GCMC adsorption results can be 
compared to the experiments to show the accuracy of predicting van der Waals 
interactions.  
Table 3.2.3.1. 
Comparison of predicted MOF-177 pore features with experimental values from (Y. Li & 
Yang, 2007)  
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From Figure 3.2.3.1, it is clear the van der Waals interactions are properly 
represented by the generic force fields. The simulated adsorption isotherms match 
perfectly with experimental results from literature. 
 
Figure 3.2.3.1. Comparison of MOF-177 simulated O2/N2 isotherms with experimental 
data. O2 experimental data are from (Y. Li & Yang, 2007) and N2 experimental data are 
from (Saha et al., 2010) 
 
3.2.4 Volume-Weighted Average Accessible Pore Diameter Definition 
Adsorption selectivity for each of the materials do not correlate well with surface 
area or pore volume because surface saturation and pore filling usually do not come into 
play under the conditions of interest. On the other hand, a clear relationship can be seen 
between the selectivity and pore size. Due to the complex pore size distribution of many 
MOFs, it can be difficult to see how the pore size affects the adsorption properties. The 
volume-weighted average accessible (VWAA) pore diameter, as defined below, can be 
34 
 
used to capture the pore size distribution into a single parameter by weighting the average 
diameter with the fraction of coverable volume for a particular sphere radius. 
𝑑𝑎𝑣 =∑
𝑉𝑝𝑜𝑟𝑒
𝑖
∑ 𝑉𝑝𝑜𝑟𝑒
𝑖𝑖
𝑖=1
𝑑𝑖
𝑖
𝑖=1
 
where 𝑑𝑖 is the pore diameter associated with the coverable volume 𝑉𝑝𝑜𝑟𝑒
𝑖 . The index 
term, i, should start at the pore size of the smallest diameter gas of interest because 
smaller pores are inaccessible to the gases. As a visual representation of how this formula 
captures the average pore diameter, the pore size distribution is plotted with the VWAA 
pore diameter of several MOFs in Figure 3.2.4.1. 
 
Figure 3.2.4.1. Pore size distributions (blue line) of IRMOF-4 (top left), IRMOF-6 (top 
right), IRMOF-9 (bottom left), and IRMOF -13 (bottom right) plotted with their VWAA 
pore diameters (red line) 
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3.2.5 O2/N2 Adsorption Simulations in SMS MOFs 
The selectivity is plotted as a function of VWAA pore diameter and mode pore 
diameter in Figure 3.2.5.1 (left) to show the substantially improved correlation using this 
new parameter. I am unaware of anyone using such a definition for the average pore 
diameter to accurately represent broad pore size distributions. The downfall of this 
method of representing the data is that information about distinct pores is lost, making it 
difficult to apply for characterization purposes. For example, the overlap of the MOF-177 
simulated and experimental O2 uptake vs mode pore diameter data points in Figure 
3.2.5.1 (bottom left) demonstrates the accuracy of Monte Carlo simulations in predicting 
these properties, but the same data point could not be generated in the O2 adsorption vs. 
VWAA pore diameter plot because most groups only report the distinct pore. 
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Figure 3.2.5.1. (top): O2 uptake at 1 bar as a function of VWAA pore diameter (left) and 
O2/N2 selectivity at 1 bar as a function of VWAA pore diameter (right); (bottom) O2 
uptake at 1 bar as a function of mode pore diameter (left) and O2/N2 selectivity at 1 bar as 
a function of mode pore diameter (right) 
There is a clear correlation between selectivity at 1 bar and VWAA pore diameter. 
As shown, the enhanced selectivity that results from smaller pore sizes applies to pores 
less than about 8 Å. The adsorbent-adsorbate interactions for both O2 and N2 are 
enhanced by lower pore diameters. As the pore diameter approaches the molecular 
diameter of O2, the smaller molecule, the surfaces are interacting with the molecules from 
multiple directions, causing a substantially higher affinity of the adsorbate to the material. 
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The enhanced selectivities result from a slightly larger increase in adsorbent-adsorbate 
interaction for O2. When pore diameters are larger than 8 Å, the selectivity converges to 
about 1.1 at 1 bar. The success of establishing a correlation between the selectivity and 
this parameter suggests that the adsorption is not affected by the existence of broad vs 
distinct pores, as long as pores less than 8 Å make up a large portion of the free volume. 
The smallest VWAA pore diameter of the samples investigated is 6.25 Å, which led to 
approximately a 20% increase compared to the MOFs with VWAA pore diameters above 
8 Å. Importantly, the principle can be exploited to further improve the selectivity. The 
selectivity toward O2 is expected to improve even more dramatically with pore sizes 
ranging from 3.38 to 4.50 Å based on the heat of adsorption results from (Greathouse et 
al., 2015), so this should be the target for future work in developing O2-selective 
materials based on this mechanism. 
 
3.3 Conclusion 
There are multiple mechanisms to achieve separation of O2/N2 mixtures in MOFs, 
which introduces opportunities for exploiting these mechanisms and challenges to the 
rational design for specific applications. MOFs previously studied for O2/N2 separation 
were categorized based on the presence of OMSs and the oxygen-binding activity of the 
metal sites to better understand the dominant interactions that come into play in various 
MOF structures. It is clear that SMS MOFs selectively physisorb oxygen based on 
dispersion forces and MOFs with binding metal sites selectively chemisorb oxygen. The 
accuracy of Monte Carlo simulations for predicting pore features and equilibrium 
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adsorption from van der Waals interactions in MOFs was demonstrated by comparison of 
experiments with MOF-177. 
I showed that the exposed, nonbinding metal sites of HKUST-1(Cu) and UiO-66 
result in a substantial decrease in O2 uptake that cannot be predicted by GCMC 
simulations, which suggests that there is another nonbinding interaction occurring at the 
metal sites. This finding was compared to similar results in literature on adsorption at 
OMSs, and I conclude that it is likely an electromagnetic interaction caused by the 
presence of OMSs. Based on what is known about the two gases, the cause of this can be 
deduced to be either the difference in polarizability or quadrupole moment. Chapter 3 
also highlights the fact that the GCMC simulations seem unable to predict the N2 
selectivity that has been reported in nonbinding metal site MOFs. Since the quadrupole 
moment can be regarded as an electrostatic property, it is reasonable to assume that the 
force field for Coulombic interactions can model N2-selective behavior from differences 
in quadrupole moment. Based on this logic, N2 selectivity that has been reported in 
nonbinding metal site MOFs must be caused by induced polarization of the gas 
molecules. Future work on this topic should be aimed at characterizing these interactions 
and understanding how they can be exploited in MOFs for air separation, as well as for 
other applications. 
The VWAA pore diameter, as defined in this work, was suggested to represent the 
pore size distribution in a single parameter to establish a clear correlation with adsorptive 
properties and to relate the work of (Greathouse et al., 2015) on idealized CNTs to more 
complex pore size distributions. We showed improved selectivity in MOFs with VWAA 
pore diameters less than 8 Å going from 1.1 to 1.3 at a diameter of 6.25 Å. While this is 
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still larger than the pore diameters investigated in the nanotube study (the highest being 
5.07 Å), our closest data points are in good agreement (14−15 and 15− 16 kJ/mol, 
respectively). It is promising that increased selectivity was observed at pore diameters 
significantly greater than those that can be attributed to the highest adsorbent- 
adsorbate interactions in CNT systems. Future work should use pore size distribution 
simulations to identify or design MOFs with VWAA pore diameters at target values of 
4.50 and 3.38 Å, in which the maximum heats of adsorption and maximum difference in 
heats of adsorption are achieved for an O2/N2 system, respectively. Similar correlations 
using other materials and gas systems will also likely give fruitful results in comparing 
different porous adsorbents and the impact of pore heterogeneity on equilibrium 
adsorption. 
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CHAPTER 4 
SIZE-SELECTIVE ADSORPTIVE SEPARATION OF CO2/N2 MIXTURES 
4.1 Introduction 
One question that arose after the work in chapter 3 is whether the VWAA pore 
diameter correlations is applicable to other gas mixture systems. To expand on the 
VWAA pore diameter parameter defined in Section 3.2, CO2 adsorption simulations were 
performed on the same IRMOF structures to show that improved correlations can be 
obtained for CO2/N2 selectivity. The goal is to show that the principle can be applied to 
gas adsorption selectivity for other gas separation processes. 
Due to the significantly higher quadrupole moment of CO2 compared to the 
previously considered O2/N2 system, charges were determined for all structures to model 
Coulombic interactions. These partial charges are listed in Table B2. Simulations were 
performed again up to 1 bar because the correlation to pore diameter is expected at low 
pressure. 
 
4.2 Results and Discussion 
 Figure 4.2.1 shows the CO2/N2 selectivity as a function of VWAA pore 
diameter and mode pore diameter. As with O2/N2 selectivity, there is a substantially 
improved correlation against VWAA pore diameter compared to mode pore diameter. 
When the VWAA pore diameter is above 8 Å, the CO2/N2 selectivity is always around 4. 
However, when the VWAA pore diameter is below around 8 Å, increased selectivity 
toward CO2 is achieved. The MOF with the lowest VWAA pore diameter, IRMOF-4, has 
the highest CO2/N2 selectivity of 10.7. The significantly higher increase in selectivity for 
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CO2/N2 selectivity compared to O2/N2 selectivity can likely be attributed to the larger 
difference in pore diameter for the CO2/N2 system. 
 
Figure 4.2.1. CO2/N2 selectivity as a function of VWAA pore diameter (left) and CO2/N2 
selectivity as a function of mode pore diameter 
 
4.3 Conclusion 
 As demonstrated, the VWAA pore diameter correlation concept can be 
extended to other gas mixtures. A much larger increase in selectivity for CO2/N2 
separation was achieved when compared with the O2/N2 results, which was attributed to 
the larger difference in molecular diameter for the first case. Almost 3-fold increase in 
selectivity was achieved for the lowest VWAA pore diameter (6.25 Å) MOF. This 
suggests that equilibrium adsorptive separation based on physisorption is an extremely 
promising approach to achieving high CO2 selectivity in MOFs. The reversibility of 
physical adsorption processes justifies further investigation of this approach. Since an 
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estimate for the cutoff VWAA pore diameter to achieve enhanced selectivity of 8 Å has 
been established from this work, further computational work should screen for MOFs 
below this pore diameter. MOFs with lower VWAA pore diameter than reported in this 
work would be expected to yield even higher selectivities as the pore diameter 
approaches the size of the smaller gas molecule, CO2. 
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CHAPTER 5 
POST-SYNTHETIC CATION EXCHANGE PROCESS 
5.1 Introduction 
 As described in section 1.6, the overwhelming majority of studies on MOFs for 
O2/N2 separation have focused on O2-selective structures, despite the fact that high N2-
selective structures have been reported. To explore a very promising approach to 
achieving N2-selective separation in MOFs, adsorption simulations were modeled for a 
theoretical Fe-exchanged UiO-66 structure with extra-framework Fe3+ ions mobile in the 
pore structure. The cation-exchange process that would allow for these extra-framework 
charges is displayed in Figure 5.1.1. Since each Fe3+ that exchanges for a Zr4+ cation 
leads to a -1 charge imbalance, every 3 framework cation exchanges is balanced by 1 
extra-framework Fe3+ cation.
 
Figure 5.1.1. Unit cell of UiO-66 (left) and unit cell of the theoretical 25% Fe-exchanged 
UiO-66 (extra-framework atoms excluded); Legend: Zr – blue, O – red, H – white, Fe – 
orange 
Cation exchange has been achieved on several MOFs with many different 
exchange cations.(Kim, Cahill, Fei, Prather, & Cohen, 2012; Sava Gallis et al., 2015) 
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These studies, however, did not attempt exchange with a lower oxidation state cation. My 
inspiration for this study is based on the extra-framework cations known to exist in 
zeolites and the absence of literature on attempting to achieve the same thing in MOFs.  
 Zr4+ cations within the framework were replaced with Fe3+ cations in the UiO-
66 crystallographic information file such that it models 12.5%, 25%, and 50% exchange. 
Charge equilibration was performed on each of these framework structures to obtain 
initial charge values each structure. The original charge values were then scaled down 
based on their percent contribution to the overall charge of the structure in order to 
accommodate the necessary number of extra-framework cations needed to balance the 
charge. For every 3 exchanged framework cations, 1 extra-framework Fe3+ ion was 
modeled in the system. The resulting force field then had no net charge. The partial 
charges on each of the framework atoms before and after modification are shown for all 
structures in Table B3. The extra-framework Fe3+ ions were modeled as being mobile 
within the pore system similar to the adsorbates. Adsorption simulations were performed 
on these 3 structures for O2 and N2 up to 10 bar. 
 Additionally, an experimental post-synthetic exchange was developed to 
achieve this exchange. Initial SEM results show that the Fe-exchanged structure retained 
its crystallinity and initial characterization shows that there is a significant amount of 
Fe3+ in the sample. 
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5.2 Results and Discussion 
5.2.1 Simulations on Fe-exchanged UiO-66 
 
Figure 5.2.1.1. N2 (left) and O2 (right) adsorption isotherms on UiO-66 and theoretical 
Fe-exchanged analogs 
Figure 5.2.1.1 shows the adsorption isotherms generated for UiO-66 and the 
theoretical Fe-exchanged analogs. As shown, there is a drastic increase in N2 adsorption 
for each of the Fe-exchanged analogs, where the 50% exchanged sample had the highest 
adsorption of 0.80 mol/kg at 1 bar. The original UiO-66 structure only adsorbed 0.17 mol 
N2/kg at 1 bar, so there was almost a 5-fold increase in N2 adsorption in the 50% 
exchanged analog. In comparison, the O2 uptake increased from 0.20 mol/kg in UiO-66 
to 0.30 mol/kg in the 50% exchanged sample at 1 bar. The higher adsorption of these 
gases is caused by quadrupole-electric field gradient interaction. At 10 bar, each of the 
Fe-exchanged structures adsorbed more O2 than N2. The 50%-exchanged structure had 
the lowest selectivity towards O2 at 10 bar, adsorbing 1.70 mol N2/kg and 1.79 mol 
O2/kg.  
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Figure 5.2.1.2. N2/O2 selectivity versus pressure for UiO-66 and Fe-exchanged analogs 
The N2/O2 selectivity against pressure is plotted in Figure 5.2.1.1. At 1 bar, the 
N2/O2 selectivity goes from 0.85 in UiO-66 to 2.72 in the 50% Fe-exchanged analog. 
This substantial increase is the result of a higher increase in quadrupole-electric field 
gradient interactions for N2 compared to O2. As shown, selectivity towards N2 in each of 
the Fe-exchanged structures decreases with pressure. By the time the pressure reaches 10 
bar, all the structures are O2-selective. The high N2 selectivity seems to be a phenomenon 
that can only be exploited at low pressure. This observation likely results from extra-
framework cation adsorption sites being filled, so the behavior of the framework atom 
sites becomes dominant. 
In general, this approach to increasing selectivity towards N2 appears to be 
extremely valuable with the caveat that it only applies to systems at low pressure. It is 
also important to point out that a large amount of research has already been done on 
zeolites for optimizing selectivity toward N2. One useful approach involves exchanging 
the sample with Li+, which shows dramatic increase in selectivity once the Li+ exchange 
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reaches around 90%.(R. T. Yang, 2003) Such strategies could easily be modeled in 
MOFs using GCMC simulations, but more importantly, experimental procedures for 
these exchanges should be developed. 
 
5.2.2 Post-Synthetic Exchanging Lower Oxidation State Cations in UiO-66 
 Exchange procedures were adapted from existing literature on MOFs to 
develop a strategy for exchanging lower oxidation state cations. Since exchange with low 
oxidation state cations is popular for zeolites, initial attempts were made to exchange 
UiO-66 with Mg2+, however, no Mg2+ was detected in the sample using EDX. This is 
likely because the large change in oxidation state (-2) makes the exchange unfavorable. 
 Next, Fe3+ exchange was attempted as described in the section 2.3 with more 
promising results. The white UiO-66 sample turned into an orange-yellow hue similar to 
an iron solution after the exchange. As shown in Figure 5.2.2.1, there was a significant 
shift in the BET isotherm, which was not observed in the attempted Mg-exchanged 
sample. The BET surface area of the original sample was 1,077 m2/g. This value was 
relatively unaffected for the Mg2+ sample at 1,117 m2/g, but for the Fe3+ exchanged 
sample the value decreased to 816 m2/g. This reduction is attributed to extra-framework 
Fe3+ filling the pore space. 
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Figure 5.2.2.1. N2 adsorption isotherm at 77 K before and after cation-exchange process 
 Next, SEM and EDX were performed on the Fe-exchanged sample. In the SEM 
cross-section used for EDX, approximately the same mole percent of Fe3+, Zr4+ and Cl- 
was detected. If the detected Fe3+ was caused by salt molecules embedded in the pore, 3 
times the amount of Cl- would be expected. Since this was not observed, the majority of 
the Fe3+ detected must be exchanged cations. The SEM image in Figure 5.2.2.2 shows 
that the Fe-exchanged sample retained its crystallinity. 
 
Figure 5.2.2.2. SEM image of Fe-exchanged UiO-66 
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5.3 Conclusion 
 Simulations showed that generating extra-framework cations in MOFs could be 
an extremely effective method of increasing N2/O2 selectivity of MOFs at low pressure. 
Nearly 3-fold selectivity toward N2 was achieved in Fe-exchanged UiO-66 compared to 
the originally O2-selective UiO-66. The selectivity drastically decreased as the pressure 
went up until each of the Fe-exchanged structures were shown to be O2-selective at 10 
bar. 
 Experiments showed that this exchange process is viable, however, more work 
needs to be done to show the degree of cation exchange that can be achieved. Some 
extent of exchange was verified from BET and EDX data, but more quantifiable 
characterization is needed. Specifically, ICP-OES is suggested to measure the cation 
concentrations. Initial attempts at cation-exchange of UiO-66 with Mg2+ were 
unsuccessful, which is attributed to the large change in oxidation from Zr4+ to Mg2+. It is 
well-documented that extra-framework cations are easily exchangeable in zeolites, so 
exchange with +1 and +2 oxidation state cations might be achievable after an initial 
exchange with a +3 oxidation state cation. 
  There is a large amount of suggested future work due to these exciting initial 
results. In terms of simulations, other cation exchanges could be modeled using GCMC 
simulations and the charge balancing method described. Since only the +3 oxidation state 
cations can exchange with the +4 oxidation state framework metal ions, lower oxidation 
state cations should only be included as extra-framework molecules. Experimentally, a 
large amount of characterization still needs to be done on the cation-exchanged samples. 
Adsorption isotherms and ICP-OES ion detection would be essential to showing the 
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usefulness of this approach. Further optimization should include exchanging the extra-
framework cations in the original cation-substituted sample with +1 and +2 oxidation 
state cations. Even further selectivity could perhaps be achieved if a decarboxylated form 
of UiO-66 is used for cation exchange, in which there are open metal sites that could 
further increase the selectivity towards N2. 
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CHAPTER 6 
DEPOSITING FERROCENE IN MC DEFECT PORE SPACE 
6.1 Introduction 
This final project undertaken by my colleague, Bohan Shan, and I demonstrated 
the mechanism of MC defect formation mechanism, developed strategies for control over 
the type and number of defects, offered methods of characterizing MC defects, and 
showed that functional molecules can deposited in the generated void space from MC 
defects. I am omitting a large portion of the work that shows detailed evidence for the 
defect formation mechanism and strategies for control over defect formation because 
these important factors were originally his ideas. We claim equal contribution on the 
project because I assisted with experiments, interpreting results, and writing the 
manuscript. Also, I played an important role in characterization and developing the 
ferrocene deposition process. 
As described in the Section 1.8, the use of coordination modulators such as acetic 
acid, formic acid, and benzoic acid is very common for UiO-66 synthesis. These 
modulators compete with the ligand for coordination to the metal clusters, thus slowing 
down the reaction and creating a highly crystalline product. Over the past decade, there 
has been a constantly evolving view of how coordination modulators generate defects in 
the UiO-66 synthesis. Our work shows that the MC defect formation mechanism is 
distinct from ML defect formation mechanism. MC defects are generated due to 
accumulation of protons in the synthesis solution from the ligands and modulators, which 
effectively impedes full deprotonation of the bidentate ligand. The original H2BDC 
ligand undergoes partial deprotonation to HBDC–, but full deprotonation to BDC2- does 
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not occur in a large portion of the ligands because of the proton accumulation in the 
synthesis solution. As a result, some of the metal clusters are only able to bond with one 
side of the ligand. This information can be used to reason that modulators with higher 
acidity and lower synthesis temperature will result in more missing cluster defects. 
We developed a method of easily characterizing these defects based on the 
mechanism described. Pore size distribution plots were used to track the number of 
defects in several samples with varying amounts of basic co-modulator triethylamine 
(TEA) in the synthesis solution. The TEA acts as a proton sink such that increasing the 
concentration of it in the synthesis solution promotes full deprotonation of the ligands. As 
a result, less MC defects are generated in the samples synthesized with higher 
concentrations of TEA. These pore size distributions were also compared with simulated 
pore size distributions on a modified UiO-66 structure with one cluster missing in the unit 
cell. In this way, we were able to explicitly identify a peak in the pore size distribution 
that can be attributed to MC defects. 
The higher porosity that results from MC defects allows for the potential 
immobilization of functional molecules. To emphasize this, we deposited redox-active 
ferrocene molecules in a UiO-66 sample that was synthesized to have a large number of 
MC defects. Ferrocene is 3.5 Å × 4.5 Å × 4.5 Å in size. O2 and N2 isotherms at 40
oC 
were generated up to 10 bar before and after the exchange process to show that this 
approach resulted in increased O2 selectivity. 
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6.2 Results and Discussion 
6.2.1 Pore Space Generated from MC Defects 
Figure 6.2.1.1 shows the pore size distribution of the samples with increasing 
TEA used in the synthesis solution. As can be seen for samples synthesized with acetic 
acid and formic acid coordination modulators, the addition of increasing amount of TEA 
leads to a reduction in the pore size distribution peak that occurs around 15-20 Å. Based 
on the perspective described in section 6.1, the reduction in this peak can be attributed to 
the less MC defects. There are excess protons in the synthesis solution in the absence 
TEA, which results in partial deprotonation of the ligands. The basic co-modulator 
promotes full deprotonation of the ligand, resulting in less MC defect and a reduction in 
the observed peak in the pore size distribution.  
 
Figure 6.2.1.1. Pore size distribution of sample synthesized with varying amount of TEA 
added (AA:L = acetic acid:ligand ratio in synthesis solution, FA:L = formic acid:ligand 
ration in synthesis solution) 
Further evidence that this peak is from MC defects was obtained from pore size 
distribution simulations. Figure 6.2.1.2 shows the simulated pore size distributions for the 
UiO-66 structure with no defects, ML defects, and MC defects. The pores in the defect-
free framework and the framework with ML defects are all less than 10 Å, similar to 
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what is observed for the experimental samples synthesized with a high TEA 
concentration. Including a MC defect in the unit cell causes a large peak between 15 and 
20 Å, similar to what is observed in the experimental results. The peaks in experimental 
results are broader than the simulated results due to MC defects occurring in an adjacent 
manner. Both of the approaches from this section indicate that the pore peak at 15-20 Å 
results from MC defects. 
 
Figure 6.2.1.2. Simulated pore size distributions of (a) UiO-66 framework and (b) UiO-
66 framework with ML defects and (c) UiO-66 framework with MC defects. 
 
6.2.2 Ferrocene Deposition in MC Defect Pore Space 
 MC defects create large cavities in the UiO-66 framework, in which it is 
possible to deposit molecules to change the functionality of UiO-66. Here, ferrocene was 
deposited into the UiO-66 framework via vapor deposition. The UiO-66 and the 
ferrocene-functionalized UiO-66 (UiO-66-Fc) were characterized using BET surface area 
measurements and pore size distribution measurements. Before the CVD process, the 
UiO-66 sample had a BET surface area of 1714 m2/g. After loading, the surface area was 
reduced to 703 m2/g due to ferrocene deposition. The pore size distributions of the UiO-
66 and UiO-66-Fc (Figure 6.2.2.1) show a 5-fold reduction in the peak associated with 
the MC defects between 15 and 20 Å, indicating that most ferrocene molecules are 
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deposited into the MC defect sites of the framework. This result reveals the extra cavities 
generated by the MC defects are accessible sites for deposition of functional molecules. 
As shown in Figure 6.2.2.1, the original UiO-66 sample is essentially inert with a slight 
preference for N2. The uptake of the ferrocene-loaded sample is decreased substantially 
because of the decreased surface area. There is an increase in selectivity toward O2 in the 
composite material at high pressure; at 10 bar, the selectivity is increased from 1.01 in the 
original sample to 1.51 in the ferrocene-loaded sample. The deposition of oxygen-
scavenging ferrocene molecules in MOFs has been used to achieve enhanced O2 
selectivity, and the change in the O2/ N2 adsorption on UiO-66 after deposition indicates 
the existence of ferrocene molecules.(Zhang et al., 2016)  
 
Figure 6.2.2.1. (a) Pore size distributions of UiO-66 with (UiO-66-Fc) and without (UiO-
66-No Fc) ferrocene. N2 and O2 adsorption over (b) UiO-66 and (c) ferrocene-loaded 
UiO-66. 
 
6.3 Conclusion 
 Great progress was made in terms of understanding the mechanism of MC 
defect formation, methods of controlling defect formation, characterizing these defects, 
and exploring new methods of functionalization. Having an advanced knowledge of the 
defect formation mechanism in UiO-66 made it possible to comprehend the changes in 
porosity that results from the defects. Simulations and experiments both show that the 
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peak between 15 and 20 Å results from MC defectivity of the framework. The notable 
increase in porosity that results from MC defects make it possible to deposit large 
functional molecules within the generated pore space. Adsorption experiments on the 
original UiO-66 sample and the ferrocene-loaded sample show an increase in selectivity 
toward O2. Depositing molecules into this highly stable MOF is an effective approach to 
functionalization that can likely be applied to other applications. 
  
57 
 
CHAPTER 7 
SUMMARY AND FUTURE WORK 
7.1 Summary 
In this work, several mechanisms for gas separation were explored for O2/N2 and 
CO2/N2 separation processes. Due to the hybrid organic-inorganic nature of MOFs, they 
are able to exploit many mechanisms for gas separation. MOFs for O2/N2 separation were 
categorized based on whether the metal sites are accessible to adsorbates and whether 
they are active to O2 chemisorption. MOFs with accessible metal sites that are inactive to 
O2 chemisorption were conjectured to be N2-selective based on existing literature data, 
whereas MOFs with saturated metal sites are O2-selective based on dispersion 
interactions with the organic ligands. 
Molecular simulations were unable to predict N2 selectivity in OMS MOF 
structures that have been shown to be N2-selective experimentally. Since generic force 
fields are expected to be able to model electrostatic interactions in MOFs, induced 
polarization was suggested to be the reason for N2-selective behavior. Adsorption 
simulations on SMS MOF-177 were consistent with experiments, which shows that 
dispersion interactions are properly modeled. A computational study on an isoreticular 
MOF series were used to show that enhanced selectivity from dispersion forces can be 
achieved at low pressure for both O2/N2 systems and CO2/N2 systems. The VWAA pore 
diameter, as defined in this text, was shown to give clear correlations to selectivity and 
complex pore size distributions. 
Simulations show that exchanging MOFs with lower oxidation state cations is a 
promising approach to achieve high selectivity to N2 over O2. A theoretical Fe-exchanged 
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UiO-66 structure was modeled with mobile extra-framework cations within the pore 
system, which resulted in a 3-fold increase in selectivity toward N2. A post-synthetic Fe-
exchange procedure in UiO-66 was developed. Initial characterization results indicate 
that some degree of exchange occurred, but further characterization is needed. 
The MC defect formation mechanism proposed by my group is highlighted. This 
perspective made it possible to show that MC defects result in 15-20 Å pores that can 
dramatically increase the pore space in UiO-66. The usefulness of the generated pore 
space is demonstrated by immobilizing redox-active ferrocene molecules in a UiO-66 
sample with a large number of MC defects. Pore size distribution measurements show 
that the large molecules preferentially entered the MC defect pores. O2 and N2 adsorption 
experiments show a large increase in O2 selectivity in the ferrocene-loaded sample.  
 
7.2 Future work 
A great amount of progress was made in my studies in terms of understanding the 
mechanisms of selective adsorption that are possible in MOFs, but there is still a lot of 
work to be done using these concepts to design highly selective, reversible adsorbents. 
Based on my results for size-selective adsorptive separation, MOFs with a large 
portion of the pore volume in the range of 3.38 to 4.50 Å are expected to have much 
higher O2/N2 and CO2/N2 selectivity than reported here. I encourage work on finding 
small pore MOFs for size-selective adsorption separation processes. 
Cation exchanging MOFs with lower oxidation state cations was shown to be 
viable from experiments and useful for N2/O2 separation, but there is an absence of 
literature on the topic. Further experimental characterization would generate a lot of 
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interest on the topic. In terms of the UiO-66 exchange in this study, it is recommended 
that attempts are made to exchange Zr4+ with  +3 oxidation state cations and then perform 
another exchange process with +1 or +2 oxidation state cations. Once extra-framework 
cations are generated in the first exchanged sample, they are expected to be easily 
exchangeable. There is a plethora of existing literature on this separation mechanism in 
zeolites, which could likely guide future work to approaches to optimization. 
Immobilization of functional molecules in MC defect of UiO-66 could be useful 
for a number of applications. It is a simple, yet effective approach to functionalization as 
shown here. 
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McIntyre, S. M., Shan, B., Wang, R., Zhong, C., Liu, J., & Mu, B. (2018). Monte Carlo 
Simulations to Examine the Role of Pore Structure on Ambient Air Separation in Metal–
Organic Frameworks. Industrial & Engineering Chemistry Research, 57(28), 9240–9253. 
research-article. https://doi.org/10.1021/acs.iecr.8b00981. Copyright (2018) American 
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APPENDIX B 
FORCE FIELD PARAMETERS 
  
70 
 
The Lennard-Jones parameters that were used to model van der Waals interactions are 
shown in Table B1. 
Table B1. 
Lennard-Jones parameters used for GCMC simulation force fields 
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The partial charges of the IRMOFs used in chapter 4 are listed in Table 2 
Table B2. 
Partial charges used on framework atoms of IRMOFs 
 
Table B2. 
Partial charges used on framework atoms of IRMOFs 
  
Charge
Framework Atom IRMOF-1 IRMOF-3 IRMOF-4 IRMOF-5 IRMOF-6 IRMOF-7 IRMOF-9
Zn1 0.4728 0.4805 0.4712 0.4935 0.4700 0.4587 0.4793
O1 -0.3805 -0.3070 -0.3842 -0.3871 -0.3784 -0.3732 -0.3780
O2 -0.2855 -0.3809 -0.3027 -0.3085 -0.3069 -0.3064 -0.3127
O3 - -0.3362 -0.1636 -0.2442 - - -
N1 - -0.2997 - - - - -
C1 0.2819 0.2085 0.3200 0.3318 0.3375 0.3442 0.3441
C2 -0.0409 -0.1539 -0.1080 -0.0962 -0.1171 -0.0984 -0.1124
C3 -0.0248 0.0114 0.1337 0.2161 0.0671 0.0214 0.0450
C4 0.3512 -0.1052 -0.0840 -0.1244 -0.1124 -0.0799 -0.1072
C5 -0.1068 0.0971 -0.2520 0.0711 -0.0003 -0.0202 0.0496
C6 0.0410 -0.2163 0.4851 -0.0994 0.0410 0.0410 -
C7 -0.1057 0.3951 -1.0854 -0.0224 -0.1057 -0.1057 -
C8 0.0445 0.2961 - -0.0238 0.0445 0.0445 -
C9 0.0484 - - -0.0734 0.0484 0.0484 -
C10 -0.1122 - - - -0.1122 -0.1122 -
H1 0.0640 0.0979 0.0685 0.0882 0.0691 0.0853 0.0349
H2 0.0356 0.0837 0.0981 0.0187 0.0505 0.0471 0.0711
H3 0.0701 0.0194 -0.1136 0.0693 0.0701 0.0483 -
H4 0.0710 0.1547 0.3573 0.0402 0.0710 0.0710 -
H5 - - - 0.0428 - - -
H6 - - - 0.0636 - - -
Charge
Framework Atom IRMOF-10 IRMOF-11 IRMOF-12 IRMOF-13 IRMOF-14 IRMOF-15 IRMOF-16
Zn1 0.4669 0.4689 0.4841 0.4715 0.4648 0.4689 0.5008
O1 -0.3770 -0.3741 -0.3458 0.3143 -0.3697 -0.3865 -0.3772
O2 -0.2991 -0.3125 - - -0.3116 -0.2893 -0.3377
O3 - - - - - - -
N1 - - - - - - -
C1 0.3221 0.3160 0.3938 0.3218 0.3617 0.2934 0.4207
C2 -0.0947 -0.0092 -0.0581 -0.0345 -0.0920 -0.0965 -0.1833
C3 0.0236 -0.0968 -0.0635 -0.0590 -0.0324 0.0407 0.0825
C4 -0.0830 0.0643 0.0610 0.0369 0.0289 -0.1205 -0.1321
C5 0.0341 -0.0382 -0.0373 -0.0166 -0.0086 0.0781 0.0726
C6 - -0.1517 -0.1634 -0.0546 -0.0567 -0.0123 -0.0050
C7 - - - - - -0.0442 -0.0458
C8 - - - - - - -
C9 - - - - - - -
C10 - - - - - - -
H1 0.0437 0.0786 0.0653 0.0688 0.0621 0.0368 0.0204
H2 0.0598 0.0793 0.0823 0.0559 0.0550 0.0740 0.0774
H3 - - - - - 0.0470 0.0474
H4 - - - - - - -
H5 - - - - - - -
H6 - - - - - - -
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The partial charges used on framework atoms of the original UiO-66 structure and Fe-
exchanged analogs (labeled “After”) are listed in Table B3. The original partial charges 
from the charge equilibration simulations are labeled “Before”. 
Table B3 
Partial charges used on framework atoms in Fe-exchanged UiO-66 study 
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The partial charges used on the adsorbates and extra-framework Fe3+ cations in all 
simulations are listed in Table B4. 
Table B4. 
Partial charges of guest molecules used in all simulations 
 
 
 
Guest Molecule Charge
O-O2 -0.112
O-com 0.224
N-N2 -0.482
N-com 0.964
O-CO2 -0.350
C-CO2 0.700
Fe 3.000
